Bistable output-input light characteristics in the exciton spectral region have been examined in a ring cavity configuration taking íto account the influence of the presence of free carriers in the cavity as well as of the density-dependence of the exciton damping. The resulting modifications could serve as a means to optimize the optical bistable device operation.
Introduction
The interest in the phenomenon of optical bistability (hereafter called simply OB) has grown very rapidly over the last years. OB is defined as a presence of two stable states of an optical system under one and the same stationary irradiation. The simplest example of such a device is a Fabry-Perot resonator filled with a material whose refractive index is intensity-dependent. The possibility of OB was first theoretically predicted by Szoke et al. [1] . In semiconductors OB was observed experimentally for the first time by Miller et al. [2] . It is now well-known that OB results from the interplay between nonlinearity and feedback. Up to date, various kinds of optical nonlisnearity and feedback, both with and without resonator, have been proposed and investigated in detail in a great deal of works [3] [4] [5] [6] [7] [8] . In all these works, however, the authors have not yet considered the influence of the free carriers that usually exist in real experimental conditions on the phenomenon of OB. In fact, free carriers play an important role and may cause serious effects in many physical processes in highly excited materials. The authors of [9] and [10] accounted for the contribution of free electron-hole pairs to the one-photon absorption and luminescence in the spectral region of P-zone, respectively. In [11] the exciton-electron and exciton-hole interactions were taken into account in the phase transitions for the excitonic excitations in semiconductors. And, quite recently the authors of e.g. [12] and one of us [13] have paid attention to the influence of free carriers on the turbulence and chaotic behaviour of dynamical systems. Our group itself has just dealt with the intrinsic excitonic OB in an exciton-electron-hole system [14, 15] and shown that both the holding intensity and the hysteresis loop size of the OB are decreased for increasing electron-hole pair concentration. Suggestions based on the theory of the OB are also made in [15] for possible experimentally measuring the exciton-carrier coupling constant.
In this paper we would like to present a theoretical treatment of the OB in a ring cavity filled with an excited semiconductor containing sample a finite concentration of free electron-hole pairs. As we shall show, the changes of the OB picture induced by the presence of free carriers and by the dependence of the exciton damping on the quasi-particle density might be used for better operating bistable devices.
For convenience we shall utilize throughout the paper the unit system with ħ = c = V = 1, where ħ, c, and V are the Planck constant, the velocity of light and the sample volume, respectively.
Basic équatiοns
Let us consider a ring cavity (see Fig. 1 and its description later) which is anticipated to contain a number of free electron-hole pairs whose origin of appearance is not specified. Supposing now that the cavity is irradiated by an externally driving laser field with given wave vector k, complex amplitudes Εk(±) and frequency Ωk. The laser frequency is assumed to be in resonance with the exciton energy so that the exciton will be generated via the photoabsorption. These excitons also interact between themselves and with the carriers. The carriers, however, are coupled only one to another and to the excitons but not to the laser field because the latter is resonant with the excitonic transition but not with the band-to-band one. The Hamiltonian describing the system under consideration then can be written as where. vx-h(p, q, 1) are the exciton-exciton, exciton-electron and exciton-hole interaction potentials, whose analytic expressions can be found e.g. in [11] . V is the Coulomb potential. The light field can be represented in terms of its positive and negative frequency parts
The problem of OB in the system can be solved semi-classically by utilizing the equation of motion of the k-mode exciton operator and the wave equation for the light field. These equations have the forms and where γk is phenomenologically introduced damping of the k-mode exciton. The complex amplitudes of the macroscopic field can be represented as follows:
in which φ and E are real functions of the space x and time t. Moreover, in the slowly varying approximation the field amplitude E is a function which alters in time and space much more slowly as compared to the phase of the wave -iΩkt + ikx + iφ(x, t). This approximation which will be applied in this paper can be formulated by the following inequalities:
Equation (5) after averaging over the states of the system and invoking to the Hatree-Fock approximation becomes (see more details in [14] )
For the stationary regime we look for a particular solutions of Eq. (9) in the form with Ak being the quantity to be determined. Substituting Eq. (10) into Eq. (9) we get where Nex = Σq(α+q1αq) = Σ q Nqex is the exciton density of all possible modes in the system and Δk = Ωk -ωx(k) is frequency detuning. In all calculations above, following [11] we have used the approximative values of the various coupling con- At this moment it is worth mentioning that the exciton damping γ introduced "by hand" when deriving the equation of motion (5) is so far a constant, i.e. independent of any parameters. In fact, due to the many-body nature of the problem γ, as a rule, must depend on the system parameters. Most naturally it should be a function of, say, exciton density as well as electron and hole ones because these quasi-particles are coupled to each other and their interactions of course determine their dephasing lifetimes. A microscopic approach using Feynman diagrams beyond the Hartree-Fock approximation should yield explicitly analytic expressions for the density-dependent exciton damping via the imaginary part of the exciton self-energy Σ. Here, however, for simplicity we just touch the question in a phenomenological manner by considering the various couplings between the quasi-particles as complex quantities instead of real ones. That means we shall add imaginary parts to v and μ to have v → v -iχ1 and μ → μ -iχ2 with X1 and X2 being responsible for the dependence of the exciton damping on excitonand electron-hole pair densities, respectively. After doing so, Eq. (12) gets a more general form Since Eq. (13) is a cubic (with respect to N Χ ) equation, it might exhibit optical bistability under certain conditions. Obviously, if we put v = 0 and X1 = 0 in Eq. (13), i.e. if we neglect the exciton-exciton interaction, Eq. (13) becomes a linear one and no multistability can appear. This reveals that it is namely the exciton-exciton interaction what plays the decisive role in generating OB in our problem. Physically, such an interaction induces an energy shift (blue or red depending on the sign of v) and/or a spectral broadening of the exciton energy level that cause discontinuous exciton density jumps when the light intensity is sweeping back and forth forming thus a density gap which corresponds to the unstable solution of Eq. (13) . For convenience some normalized dimensionless quantities are introduced which are proportional to exciton density (N), carrier density (p) and frequency detuning (δ) Inserting (14) into (13) gives where ξ1 = X1/v and 2 = Χ2/μ. Then, from Eq. (5) and Eq. (6) Equations (15) and (16) are basic equations for further consideration of the phenomenon of OB in a ring cavity taking into account the existence of free carriers and the nonlinearity originated from the density-dependent exciton damping.
Ring cavity configuration
In this section we shall study the carrier-influenced optical bistability in a ring cavity configuration within the framework of the mean field approximation [17] . Such a framework allows us to obtain the light-light kind of the bistable behaviour (for light-density and light-light kinds of OB see e.g. [18] ).
Let us denote by L the length of a resonator confined between two identical mirrors 1 and 2 whose reflection and transmission coefficients are respectively labelled by R and T. These mirrors are assumed lossless, so that Together with two other 100% reflection mirrors 3 and 4 the configuration drawn in Fig. 1 forms the socalled ring cavity which we shall concern in this paper. It is worth to remind the well-known boundary conditions [17] [8] . On the other hand, the case of v = μ = X2 = 0 recovers that in [16] . Thus our consideration is more general than the others. In general, the conditions for OB to occur, i.e. for Eout to be three-valued function of Ε t will look very complicated. Nevertheless, in the simplest situation when As it is clear from the figures, the increase in the carrier concentration removes the domain within which the optical bistability occurs (hereafter referred shortly to as OB domain) to the low field side (see Fig. 2 ). On the other hand, the increase in the dependence of the exciton damping on the carrier/exciton density shifts the OB domain to the high field side (see Fig. 3 ). These two opposite influences might be properly combined by adjusting carrier concentration and by selecting materials .
with necessary density-dependent exciton damping towards possible optimizations of the operation of bistable devices.
Conclusion
We have investigated the bistable behaviour of the output light versus input one in a ring cavity configuration in the vicinity of the exciton resonance taking simultaneously into account the existence of free electron-hole pairs in the cavity and the nonlinearity due to the density-dependent exciton damping. We do hope the results obtained, though only qualitative, could be more or 1ess helpful also for technologists on the way to construct the optical computer which is based on the principle of optical bistable devices.
